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Few studies have been conducted on the effectiveness of phytoremediation of 

pharmaceutical compounds, although the persistent and non-acutely toxic nature of 

many of these compounds in today’s water bodies may yield an ideal application for this 

practice. To quantify the potential effectiveness of plant uptake, kinetic and proportional 

bioconcentration factors (BCFk, and BCFp, respectively) in nanograms (ng) 

carbamazepine and amiodarone per gram (g) wet weight plant tissue for Lemna spp. 

were determined utilizing a 14-day continuous flow-through study. Samples were 

analyzed using isotope dilution liquid chromatography-tandem mass spectrometry (ID-

LC-MS/MS) running in positive ion mode.  

Kinetic BCF was estimated at 0.538, while proportional BCF was estimated at 

0.485. Kinetic BCF for the amiodarone study was estimated at 23.033, whereas 

proportional BCF was estimated at 41.340. Possible contamination of the C18 column 

and peristaltic pump failure may have impacted uptake results. In light of variability and 

current lack of research in the field, this work should be considered exploratory rather 

than conclusive. 
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CHAPTER 1 

INTRODUCTION 

1.1 Current Water Quality and Conservation Challenges 

The most critical resource for long-term human survival is water. The availability 

of clean water has determined the viability of human infrastructure since the beginning 

of civilization. As is the case for many other areas in the country, the Dallas-Fort Worth 

(DFW) region (and Texas as a whole) is currently experiencing a water shortage crisis. 

Currently, approximately 89% of the state of Texas has been designated “abnormally 

dry” as defined by the United States National Drought Mitigation Center. Additionally, 

although Texas is currently in its spring rainy season, 23% of the state is still classified 

in the “extreme drought” category, and 7% is classified as “exceptional drought,” the 

highest reserved drought categories as defined by that organization (USDA, 2013). In 

2010, the State Water Plan reported a state-wide water deficit of approximately 3.7 

million acre feet, and this deficit is projected to grow to 8.9 million acre feet by 2060 if 

additional measures are not taken (Texas Water Development Board, 2010). This is a 

deficit equivalent to 2.9 trillion gallons - an astounding number by any standard. At a 

current funding plan of $328 million, costs of current and pending water plan projects in 

the DFW region are by far the largest in the state, and incorporate more than one-

quarter of the entire state’s water plan budget (Texas Water Development Board, 2010).  

As our need for water continues to intensify both locally and worldwide, 

protection and conservation of our current water supply becomes increasingly important 

in order to decrease costs and ensure continued water quality. The neglect of this 
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precious resource will eventually lead to declines in public health, skyrocketing water 

treatment costs, and eventual economic strain in affected areas.  

Approximately $6-8 billion is currently spent annually in the United States for 

environmental cleanup of drinking water, and $25-50 billion is spent annually worldwide 

for the same purpose (Pilon-Smits, 2005). As global population and resource 

consumption continue to expand, reduced flow-through and recharge of these 

contaminated supplies could result in potentially devastating public health issues. Many 

of these effects have already been observed in rapidly expanding areas such as China, 

who do not have the critical infrastructure available in wastewater treatment plants to 

account for the increase in demand of water supplies or respond to sudden changes in 

water levels from flooding and drought (Wu, et al. 1999). An economical method of 

environmental cleanup is imperative to the long-term protection and sustainability of 

both soil and water quality worldwide.  

 

1.2 Research Objectives and Hypotheses 

The overall objectives of this research were to explore the use of plants in 

constructed wetlands for the long-term remediation of contaminants as an integral part 

of the wastewater treatment process. These objectives were approached through the 

examination of a plant’s overall ability to take up pharmaceuticals from surrounding 

water. In order to quantify effectiveness, these objectives were analyzed by determining 

bioconcentration factor estimates in aquatic macrophytes for selected pharmaceuticals. 

The following questions and hypotheses were addressed during the course of this 

research:   
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1. Does substantial uptake of ionizable organics (i.e., pharmaceutical compounds 
carbamazepine and amiodarone, and their relevant metabolites) occur in the 
floating aquatic plant, duckweed? Are uptake and depuration of aquatic plants 
quantifiable with kinetic and proportional bioconcentration factors?  

Ho: Quantifiable trace concentrations of carbamazepine and amiodarone 
will not be found in Lemna spp. during the course of a 14-day flow-through 
study.  

2. Is there a difference in plant uptake across varied distribution coefficients (KD) 
for pharmaceutical compounds? What is the difference, if any, between uptake of 
carbamazepine and amiodarone? 

Ho: BCF uptake for plants exposed to compounds of varied distribution 
coefficients are not different.  

3.  Are measurable quantities of known metabolites present in sampled plant 
tissues that may indicate metabolism of the selected pharmaceutical compounds 
via similar metabolic pathways?  

Ho: Quantifiable trace concentrations of relevant metabolites of 
carbamazepine and amiodarone, specifically 10, 11 epoxycarbamazepine 
and desethylamiodarone, respectively, will not be found in Lemna spp. 
during the course of a 14-day flow-through study.   
 

 

1.3 Thesis Structure 

This work is organized through use of the following chapters. Chapter 1 provides 

a basic introduction to water quality issues, and presents the basic questions and 

objectives of this research. Chapter 2 addresses the current water quality challenges 

presented by pharmaceuticals and potential applications of phytoremediation through 

an extensive literature review of the current research. This section also discusses of the 

use of bioconcentration factors to estimate uptake, BCF literature available focusing on 

fish and invertebrates, challenges associated with analysis via this method, and 

applications to aquatic macrophytes. An introduction to the selected pharmaceuticals is 

also presented. 
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 Materials and methodology are presented in Chapter 3. This includes a 

description of Lemna spp. as a test organism and its culturing for the study, exposure 

system and design utilized, and quality control/quality assurance measures (QA/QC) 

taken. Sample preparation for LC-MS analysis, and associated settings are also 

discussed for each compound analyzed.  

Average uptake, water concentration, and BCF calculations are discussed in the 

Results section presented in Chapter 4. This section also presents a discussion of the 

results for each compound, along with metabolism quantification and productivity 

(measured by average photosynthesis) analysis results. Limitations and potential 

sources of error in the study are presented in Chapter 5, while conclusions of the study 

are discussed in Chapter 6. Future directions and biological importance of this research 

are presented in Chapter 7, followed by a list of references utilized for the study.  
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CHAPTER 2 

STATE OF THE SCIENCE 

2.1 Pharmaceuticals as Emerging Contaminants 

An additional taxing challenge to current water quality issues is the identification 

of a wide variety of pharmaceuticals in drinking water bodies around the globe. These 

“contaminants of emerging concern” pose a potential threat to drinking water supplies 

and aquatic habitats (EPA, 2012). The United States plays a leading role in the growth 

of the pharmaceutical industry - consuming over $300 billion worth of worldwide 

production. This equates to nearly 40% of the worldwide market, which is currently 

projected to increase (U.S. Bureau of Labor Statistics, 2011). 

Pharmacologically active compounds enter water supplies primarily through 

human excretion into wastewater streams, as well as through direct discharge of 

compounds -- such as veterinary pharmaceuticals, agricultural applications, or 

household disposal of unused medications (Christensen, 1998; Zhang et al., 2008). 

Current wastewater treatment methods are not designed to remove these compounds. 

As a result, many pharmaceuticals continue to recycle through wastewater effluent into 

surrounding ecosystems and, later, back into drinking water supplies. In addition to their 

intended biological effects, most of these compounds are designed to be persistent, 

resistant to degradation, and active at biochemical pH, resulting in compounds that 

remain active long after elimination from their original intended target. The properties 

that provide to pharmaceuticals their beneficial therapeutic activity can also allow them 

to bioaccumulate in the surrounding environment (EPA, 2012). In addition, many 
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pharmacological compounds are degraded to metabolites that are themselves 

pharmacologically active and potentially toxic to aquatic ecosystems and human health. 

Forty-three detailed classes of pharmaceutical compounds are currently 

recognized by the industry, such as analgesics, psychotherapeutics, antidepressants, 

and angiotensin-converting enzyme (ACE) inhibitors (US Bureau of Labor Statistics, 

2011). Ever-expanding research and development in this field renders it difficult to 

quantify the exact number of classes of compounds, or the number of compounds 

currently circulating in today’s marketplace. Regulated by the U.S. Bureau of Labor 

Statistics, the Consumer Price Index (CPI) provides indexes for 350-400 different 

molecules, which may serve as a conservative estimate for the current number of 

compounds on the market (U.S. Bureau of Labor Statistics, 2011).  Of this vast array of 

compounds, less than one percent have relevant peer-reviewed ecotoxicology data, and 

only a small number of compounds have had any type of researched risk assessment or 

analysis for bioaccumulation (Sanderson et al., 2004; Arnot and Gobas, 2006).  

With the wide array of new substances emerging in the marketplace each year, 

systems of risk assessment have been developed in order to determine the persistence, 

bioaccumulation, and toxicity endpoints for a variety of test organisms (Arnot and 

Gobas, 2006). Thus far, research studies have primarily focused on the impact of 

pharmaceuticals on surrounding aquatic ecosystems and wildlife. Some previous 

studies have indicated that current concentrations of pharmaceuticals present a low risk 

to human health (Christensen, 1998). However, enhancements in sensitivity of 

analytical techniques such as liquid and gas chromatography have enabled researchers 

to more accurately quantify trace amounts of these contaminants in the environment. 
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These enhancements in technology may enable researchers to draw more accurate 

links between bioavailability of pharmaceuticals present in the environment, possible 

interactions between these compounds, and unforeseen effects on human health.  

Organic contaminants such as pharmaceuticals and hormones have been 

identified in surface water bodies across the US (Kolpin et al., 2002). Concentrations of 

most compounds typically are present in the nanogram per liter range, but some 

compounds are found in concentrations reaching the micrograms per liter range (WHO, 

2013). In addition, many water bodies heavily influenced by wastewater effluent contain 

multiple organic contaminants. Due to this “cocktail effect,” risk assessment for 

synergistic effects of combined compounds has generally been difficult to quantify 

(EPA, 2012; Kolpin et al., 2002). The potential risks presented by the ever-increasing 

concentrations of pharmaceutical compounds and their metabolites necessitate 

identifying economical methods of removal from water bodies heavily dominated by 

wastewater effluent. 

 

2.2 Potential Applications of Phytoremediation 

Phytoremediation and constructed wetlands may help to address this pressing 

problem. Aside from the environmental benefits provided by wildlife habitat and public 

opportunities in the form of outreach, education and recreation, the utilization of 

constructed wetlands for filtration and water storage decreases costs of water 

purification through natural filtration processes. Physical, hydrological, and microbial 

processes combine forces in wetlands to reduce sediment loading and silting of 
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waterways, maintain hydrologic conductivity, and remove compounds through microbial 

metabolism and decomposition processes (Brix, 1997).  

In addition to these more widely known roles, macrophytes provide an important 

source of uptake and removal of pollutants in these systems. Phytoremediation has 

been touted as an underutilized and environmentally friendly tool for preservation and 

improvement of the quality of our limited remaining water supply and could be widely 

effective in constructed wetland areas. Through both phylogenetically conserved and 

unique mechanistic pathways, macrophytes provide means for degradation of a wide 

variety of compounds. The mechanisms for this process involve adsorption onto root 

structures, uptake and sequestration, metabolism, or volatilization, and are dependent 

both on the chemical properties of the toxicant encountered and the species exposed 

(Dietz and Schnoor, 2001). Applications of phytoremediation are wide-ranging, and 

include the potential for effective remediation of heavy metals, fertilizer, wastewater, 

explosives, and petroleum products (amongst other promising organic applications). 

Many larger plant species may also reduce direct exposure from sunlight, potentially 

decreasing the amount of evaporative loss that is currently an issue with large 

reservoirs such as in the DFW region. In addition, the natural solar-driven processes of 

phytoremediation are on average an order of magnitude cheaper than engineering-

based methods (Pilon-Smits, 2005). 

As a recent environmental response to the draining of wetlands across the 

country for development purposes, a recent movement has been made towards the 

utilization of constructed wetlands as an important and useful mitigation technique, and 

to enhance water storage capacity and purification. As a local example, the recently 



16 

opened John Bunker Sands Wetland Center, located in Seagoville, Texas, provides 

approximately 3,100 acres of wetland habitat. Within this area, the East Fork Pipeline 

Diversion Project proposes to divert a portion of the East Fork River at a point where it 

is largely composed of wastewater effluent. This diversion will be fed into approximately 

1,800 acres of the wetland center, and in doing so, the facility is projected to provide a 

40% increase in water capacity for the DFW region—an amount equivalent to 

approximately 102,000 acre-feet of water per year, or the holding capacity of Lake 

Lavon (Hickey, 2010). As plans move forward for the damming and dredging of another 

reservoir to serve the ever-expanding needs of northern portions of the DFW metroplex, 

the increased efficiency of constructed wetlands may provide a cost-effective long-term 

solution (McCarthy, 2009). 

Because the unknown long-term ecological effects of pharmaceuticals are 

becoming an increasing concern in current water quality issues, it may be useful to 

examine phytoremediation’s potential to provide mitigation for these contaminants 

(EPA, 2011). Phytoremediation practices are ideally suited to mitigation sites not acutely 

toxic in nature and harboring chemicals that are persistent and relatively non-leachable 

into the surrounding environment (Cunningham and Berti, 1993). In most cases, 

pharmaceuticals have not been found to be acutely toxic in wastewater effluent 

streams. Generally, concentrations of pharmaceuticals have been found to be around 

three orders of magnitude lower than concentrations meeting acute toxicity criteria for 

most aquatic organisms (Yamamoto et al., 2005). However, long-term chronic effects of 

these chemicals have not been widely studied in aquatic organisms, and little is known 

about the overall cumulative effects in the ecosystem. The protective measures 
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provided by phytoremediation could provide an economically viable solution to future 

health concerns arising from pharmaceutical contamination in both aquatic ecosystems 

and regional water supplies. These efforts may be considerably enhanced through the 

selection of appropriate wetland plants.  

 While phytoremediation shows great promise in application, research in the field 

remains somewhat in its infancy. Phytoremediation typically involves sorption to roots, 

followed by xylem and phloem-based uptake (primarily passive, but active uptake does 

occur) and processes of translocation, metabolism, and volatilization. Many routes of 

uptake involve combinations of these processes. Plants considered ideal for 

remediation practices generally share common properties of rapid growth, high 

biomass, dense phreatophytic rooting systems with a large surface area, hardiness, and 

high tolerance to polluted substrates (Pilon-Smits, 2005). However, properties of 

successful remediation applications are expected to also be correlated with the nature 

of the pollutant, and the ease of growth of the plant in the specified environment.   

Previously successful applications have primarily involved metals, pesticides, 

and hydrocarbons, particularly biodegradable hydrocarbons such as petroleum products 

and byproducts (Dietz and Schnoor, 2001).  Successful removal of organic compounds 

such as 1,4-dioxane has been demonstrated utilizing hybrid poplar trees. In one study, 

hydroponic hybrid poplar cuttings removed 54.0±19.0% of an initial dioxane 

concentration of 23 mg/L after nine days via uptake and translocation. Translocation, 

transpiration and volatilization were identified as major sources of removal, with a 

transpiration stream concentration factor (TSCF) of 0.72±0.07 (Aitchison et al., 2000). 
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Studies involving pharmaceuticals have demonstrated potential for macrophyte 

uptake and phytoremediation of a variety of toxicants, but factors influencing the rate of 

uptake and metabolism of plants are not yet well understood. Recent studies have 

suggested hydrophobicity as a major driver of the compound’s uptake (Aitchison et al., 

2000). Particularly hydrophilic compounds (Kow<3) may not easily bind with the more 

hydrophobic tissues of root membranes, while extremely hydrophobic compounds 

(Kow>3.5) likely become adsorbed to the exterior of these root membranes, hence 

inhibiting further uptake into the plant (Briggs et al., 1982; Aitchison et al., 2000). 

However, phytoremediation has been shown to be effective for compounds with 

considerably broader ranges, suggesting that another factor may be influencing rates of 

uptake in some species (Pilon-Smits, 2005).  

Relatively little information is known about the uptake capacity for compounds in 

the mid-level log Kow range 3.5-5 (Cunningham and Berti, 1993). These are typical 

partitioning coefficients for ionizable organics, and many pharmaceuticals would be 

expected to fall within this range. Uptake capacity of ionizable organic compounds 

would be affected by a variety of environmental factors; including changes in pH, cation 

exchange capacity within soil substrate or aqueous media, or interactions with dissolved 

organic matter (Cunningham and Berti, 1993). As the partitioning coefficient (Kow, or Log 

P) of an ionizable compound has been shown to be dependent on pH, distribution 

coefficients (log D) have been proposed as a preferred measurement to more 

accurately account for ionizable species present in the distribution (Kah and Brown, 

2008).  
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2.3 Bioconcentration Factor (BCF) Studies in Ecotoxicology 

Bioconconcentration factor (BCF) studies with LC-MS/MS quantification provide 

an opportunity to measure uptake in macrophytes similar to their utilization in toxicology 

studies in fish and invertebrates. The BCF of a given chemical or toxicant in organism 

tissue is a dimensionless number that provides an estimate for the concentration of that 

chemical relative to its concentration in the surrounding environment. These values can 

be used to describe a chemical’s tendency to accumulate in lipophilic tissues through 

transference across respiratory or dermal surfaces (Arnot and Gobas, 2006).  

BCF studies are analyzed within the broader framework of bioaccumulation 

potential for those compounds. Bioaccumulation factors (BAF) include both the 

tendency for a given compound to transfer from the surrounding environment into 

membrane tissues within an organism, as well as the tendency for those compounds to 

concentrate in higher organisms via trophic transfer from food (Rand and Petrocelli, 

1985; Arnot and Gobas, 2006). While BAF studies provide a more complete description 

of the mechanisms of concentration of a compound within an organism, they are often 

more difficult to quantify experimentally (Jean et al., 2012; Rand and Petrocelli, 1985). 

For this reason, BCF studies have been standardized as the primary means for 

analyzing uptake within an organism by the EPA. For aquatic studies, methods are 

available for fish under the Office of Prevention, Pesticides and Toxic Substances  

(OPPTS 850.1730, 1996; OECD 305, 2012).  

BCF values serve as useful estimates by assuming analogous properties of n-

octanol water partition coefficients (Kow) to partitioning coefficients across lipophilic 

membranes in biological tissues (Chiou and Schmedding, 1982). Following these 
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assumptions, BCF calculations are generally determined either through steady state 

(BCFss or BCFp) or kinetic (BCFk) calculations.  

For the sake of simplicity and standardization across laboratory studies, it is 

generally assumed that the transfer across bio-lipid membranes (non-trophic transfer) 

will be nearly proportional to the Kow of a given compound (Neely et al., 1974). Steady 

state or “proportional” BCF calculations can be thus be determined with the following 

equation:  BCFss = Corganism/Cwater 

This formulation makes the assumption that concentrations of chemicals within 

an organism will assume a steady state, or “plateau” of uptake (K1) to depuration (or 

rate of elimination via excretion and metabolism, K2) during exposure, if the exposure 

time is sufficient in length (Springer et al., 2008; Arnot and Gobas, 2006).  

BCF calculations can also be expressed as a kinetic BCF constant, or: BCFk = 

K1/K2. Kinetic BCF calculations determine the ratio of total chemical uptake rate to an 

elimination or depuration constant. These methods of calculation may provide more 

accurate estimates when steady state concentrations cannot be attained, in situations 

where it is not possible to stabilize test material concentrations over a long period of 

time, or due to external factors, such as shifts in soil or water chemistry (Arnot and 

Gobas, 2006; Di Giulio and Hinton, 2008; Marking and Kimerle, 1979).  

 BCF estimations have primarily involved fish as test organisms, but have recently 

broadened their scope to include aquatic macroinvertebrates and aquatic plants. 

Methods for toxicity protocol testing exist for Lemna minuta, and can be potentially 

applied to BCF studies as a representative aquatic macrophyte that is frequently 
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present in water bodies containing a wide variety of contaminants, such as wastewater 

streams (OCSPP 850.4400, 2012).   

Variability is common in BCF estimates, and arises due to variety of contributing 

factors. Low BCF estimates (BCF estimates below or near a value of 1.0 would 

generally be expected to have greater variability than higher BCF estimates (such as 

estimates greater than 1000). BCF estimates are also impacted by position within 

trophic levels, and size and adipose percentage of the organism (Arnot and Gobas, 

2006).  External experimentation factors, such as insufficient exposure duration, 

episodic fluctuations in water concentration and analytical issues such as analytical 

measurement sensitivity (particularly if non-radio-labeled compounds are used) 

generally result in BCF calculations that are underestimations in comparison to those 

that are obtained from tissue field samples (Arnot and Gobas, 2006; Springer et al., 

2008). Also, inherent differences due to genetic factors among test organisms also 

generates variability that is more difficult to account for without more complicated 

molecular analysis (Springer et al., 2008).  

Few studies have been done involving BCF estimation in plants, and much of the 

previous research has focused on heavy metal or radio-isotopic analysis (Wolterbeek et 

al., 2000). Comparitively, BCF estimation in plants has larger variability than do many 

fish studies. This wider range of uncertainty is partially due to the application of 

estimates for compounds across a wide range of plant morphologies, but it is also due 

to more complicated factors, such as variability in cellular free space and difficulties in 

distinguishing plant tissue from surface film in quantitative analysis (Wolterbeek et al., 

2000).  However, while this variability exists, estimates obtained still provide sufficiently 
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descriptive data about the bioaccumulative nature of these compounds to allow for 

conclusions to be drawn as to their general behavior in an aquatic environment.  

Currently, a lack of data exists for BCF estimation for pharmaceuticals in plants. 

Due to this limitation, BCF estimations for the pharmaceutical compounds selected for 

the study have primarily been obtained from literature that currently focuses on fish 

uptake and depuration. The compounds chosen for this study were selected based on 

their prevalence in a wide variety of wastewater streams across the country, 

persistence, and potential toxicity from either the parent substance or metabolites and 

are further discussed below.  While it would be expected that uptake of these 

compounds will be different in organisms lacking active transport pathways, the BCF 

values from previous studies given in Table 2.1 provide a suitable starting point for 

aquatic macrophyte analysis. 

Table 2.1.Literature Sampling of Bioconcentration Factors for Carbamazepine and 
Amiodarone  
 

Pharmaceutical 
Compound Bioconcentration Factor Literature Cited 

Carbamazepine 
0.44* - 1.9 

Garcia et al., (2012); 
Zhang et al., (2010); 
Zhou et al., (2008) 

4.6 
Garcia et al., (2012) 

7.1 

Amiodarone 
1800-4090 Howard and Muir, (2011); 

Jean et al., (2012) 

16800** Jean et al., (2012) 

 
*BCF value calculated from 7 day BAF study (Zhou et al., 2008) 
**BCF study at pH 7 (Jean et al., 2012) 
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2.4 Pharmaceutical Analytes 

2.4.1 Carbamazepine 

Carbamazepine (5H-dibenzo[b,f]azepine-5-carboxamide, Figure 2.1) is widely 

prescribed as an anticonvulsant and mood stabilizer, and is regularly used for the 

treatment of epilepsy, schizophrenia, and bipolar disorders (Soderstrom et al., 2006).  

Figure 2.1. Carbamazepine chemical structure. CAS # 298-46-4 
 

The compound acts through inhibition of the active state of voltage-gated sodium 

channels in the brain, and may also act as an activator for GABA receptors (Houeto et 

al., 2011).  

Previous studies have identified at least thirty-three different metabolites formed 

by carbamazepine via hepatic metabolism (Maio and Metcalfe, 2003). In mammalian 

studies, carbamazepine is metabolized by cytochrome P450 enzymes within the liver, 

and oxidizes to form 10, 11 epoxycarbamazepine, which is pharmacologically active. 

10, 11-epoxycarbamazepine is relatively unstable and undergoes hydrolysis to form the 

more stable metabolite 10, 11-dihydro-10, 11-dihydroxycarbamazepine. Due to the 

stability of the compound, 10, 11-dihydro-10, 11-dihydroxycarbamazepine is more 

frequently encountered in quantification methods, and is likely to be found in similar 

concentrations to its parent, carbamazepine, in aquatic media (Zhang et al., 2008).  
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Acute toxicology data is fairly well-represented, and risks from overdose may 

result in loss of motor coordination, dilated pupils, and possible cardio-toxicity and coma 

(Soderstrom et al., 2006). Carbamazepine and its main metabolite are found with high 

frequency in US wastewater treatment plants, and the compound has been proposed as 

a marker of anthropogenic activity in water bodies due to its designation as a 

recalcitrant compound with a low removal efficiency from water bodies (Shenker et al., 

2011; Zhang et al., 2008).  

Due to these factors, research involving carbamazepine uptake has increased in 

the past 10 years, and has extended to include plant uptake studies. A recent study 

involving the exposure of cucumber seedlings found that substantial carbamazepine 

bioaccumulation is possible even when exposed to background levels of contamination 

as low as 1-3 µg/L (Shenker et al., 2011). Metabolites of the compound were not 

analyzed during this study, and it is unknown to what degree, if any, plant metabolism 

occurs.  

 

2.4.2 Amiodarone Hydrochloride 

Originally synthesized in 1962 for the treatment of angina, amiodarone (Figure 

2.2) is considered to be one of the most effective anti-arrhythmic drugs currently 

available. Amiodarone increases the refractory period of cardiac tissue via sodium and 

potassium ion channels, and is metabolized via the CP450 pathway for excretion by the 

liver (Singh, 2006; Besse and Garric, 2007). Desethylamiodarone has been identified as 

the only known pharmacologically active metabolite, and has been observed to 

accumulate in tissues (Besse and Garric, 2007).  
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Figure 2.2. Amiodarone chemical structure.  CAS# 1951-252-3 
 

Acute and chronic toxicity have been observed from the use of the compound, 

and may lead to pulmonary distress such as exacerbation of asthma, alveolar 

hemorrhage, or pneumonia; and in more extreme cases, drug-induced lupus (Papiris et 

al., 2010). Other documented chronic effects include thyroid dysfunction and 

dermatologic changes, which limits the long-term use of the drug for some patients 

(Singh, 2006).  

Limited data regarding environmental fate or potential ecotoxicology is available 

for amiodarone or its metabolite, and more research is needed to fully quantify its 

presence in local and regional water bodies. A study conducted in Queensland 

determined that, of 100 pharmaceuticals tested, amiodarone was identified as one of 

four compounds with the highest risk quotient for water bodies (Escher et al., 2011). 

Elevated risk from presence of amiodarone comes not only from its persistence and 

bioavailability in the environment, but also from the large quantities released into 

ecosystems worldwide. As much as 14.3 kilograms of compound per year were 

reported to be consumed in hospitals for the treatment of arrhythmia (Jean et al., 2012), 

high concentrations of which pass through the patients and are excreted into the 

wastewater stream. From there, bioavailability of the compound remains high, no matter 

the pH of the water body, rendering amiodarone widely available for uptake to aquatic 

organisms (Jean et al., 2012).  In addition to its anti-arrhythmic properties, amiodarone 
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also contains potent anti-fungal properties that may be due to temporary, dose-

dependent hyper-polarization, (and subsequent depolarization) of fungal lipid 

membranes (Maresova et al., 2009). These anti-fungal properties may increase 

potential phyto-toxicity in ecosystems; however, additional research is needed to 

confirm this possibility.  

Concentrations of pharmaceuticals in localized wastewater are highly dependent 

upon regional demographics. The pharmaceuticals selected and described in Table 2.2 

were chosen to include substances that would be expected in high concentrations in 

wastewater effluent across many regions in the country.  

Table 2.2. Representative Pharmaceuticals and Reference Partitioning Values 
 

  Carbamazepine Amiodarone 

CAS Number 298-46-4 1951-25-3 

Classification Anti-convulsant; mood 
stabilizer Anti-arrhythmic agent 

Molecular Weight (g/mol) 236.3 685.8 

Reference pKa 13.94 8.47 

Reference Log P 2.45 7.8 

Reference Log D 1.7 - 2.73 (at pH 7.4) 6.2 - 6.64 (computed) 

Typical effluent 
concentration <610 ng/L 0.0011 μg/L; 0.80 μg/L* 

Previous studies 

(Houeto et al., 2012); 
(Soderstrom et al., 2006); 

(Zhang et al., 2008); 
(Escher et al., 2011) 

(Doran et al., 2004; 
Escher et al., 2011)  

 
**Predicted concentrations in hospital wastewater 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Chemicals and Reagents 

Carbamazepine (5H-dibenzo[b,f]azepine-5-carboxamide, CAS# 298-46-4), 

amiodarone (2-Butyl-3-benzofuranyl-4-[2-(diethylamino)ethoxy]-3, 5-diiodophenyl 

ketone hydrochloride CAS# 19774-82-4), and N, N-dimethylformamide, (DMF <0.01%, 

CAS# 68-12-2) were obtained from Sigma-Aldrich Co, LLC, in Saint Louis, Missouri.  

Carbamazepine-d2 (CBZ-d2, 5H-Dibenz[b,f]azepine-5-carboxamide-d2), 

carbamazepine-d8 (CBZ-d8, 5H-Dibenz[b,f]azepine-5-carboxamide-d8) and 

amiodarone-d4 hydrochloride (2-Butyl-3-benzofuranyl-4-[2-(diethylamino)ethoxy]-3, 5-

diiodophenyl Ketone-d4 Hydrochloride) were obtained from Toronto Research 

Chemicals in North York, ON, Canada.  HPLC grade methanol, Dimethylformamide 

(DMF) used for carrier solvent in flow-through studies, ethyl acetate, n-hexane, and 

acetonitrile were obtained from Fisher Scientific in Houston, TX. One-millimeter glass 

beads used in conjunction with the mini-bead beater were obtained from Biospec 

Products in Bartlesville, OK. Reconstituted hard water used for rinsing of plant samples 

was made within the Aquatic Toxicology lab at the University of North Texas using 

sodium bicarbonate (96 mg/L), calcium sulfate (60 mg/L), magnesium sulfate (60 mg/L), 

and potassium chloride (4 mg/L) in Milli-Q water. Milli-Q water was provided by UNT’s 

Aquatic Toxicology Lab’s Milli-Q water system.  Dechlorinated tap water (tap water run 

through activated carbon) used for holding and dilution for the BCF experiments was 

provided by the City of Denton, Texas, which sources its water from Lewisville and Ray 

Roberts Lakes (City of Denton Annual Water Quality Report, 2011).  
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3.2 Laboratory BCF Studies 

3.2.1 Lemna Culture, Exposure System, and Study Design 

 Lemnaceae, more commonly known as the duckweed family, are home to the 

smallest-known angiosperms. As a floating aquatic species, duckweed do not root into 

submerged substrate, but rather float freely along the surface of the water and dangle 

reduced root structures into the water below. While diminutive, these small plants 

undergo rapid vegetative reproduction and are capable of accumulating substantial 

biomass in relatively short periods of time, making them good candidates for 

aquaculture solutions and for experimental purposes (Hillman and Cully, 1978).  

Figure 3.1. Lemna minor, or common duckweed. Courtesy of USDA PLANTS 
Database (1995). 

 

Duckweed species, including Lemna minuta, Lemna minor, Lemna gibba, and 

Lemna wolffia are widely distributed in still freshwater bodies (typically small lakes or 

ponds with slow-moving water) both in Texas and across the United States (USDA 

PLANTS Database, 2013). Lemna exhibit high reproduction rates in high-nutrient water 

bodies, such as waterways receiving fertilizer runoff or wastewater effluent from 

municipal areas (Ewel, 1990). In colder climates, these plants often sink to the bottom of 
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their resident water bodies and become dormant during the winter months. In warmer 

climates, however, duckweed reproduce throughout the entire year.  Due to their high 

rates of reproduction, some species of Lemna do have the potential to become invasive 

(particularly Lemna wolffia, otherwise known as Watermeal). These species can 

occasionally form thick mats along the water’s surface and contribute to anoxia in water 

bodies. While chemical and mechanical treatment options are available, biocontrol 

measures are frequently used with success. In fact, duckweed-tilapia systems have 

been proposed as mechanisms for sustainable water sanitation in developing regions 

such as Africa (Seidl et al., 2003).  

Lemna spp. were obtained from the Lewisville Aquatic Ecosystem Research 

Facility (LAERF), which is supplied with water from Lake Lewisville in Lewisville, Texas. 

Plant test organisms were transported to the University of North Texas Aquatic 

Toxicology Lab, where they were stabilized and cultured in de-chlorinated tap water. 

Fertilization was provided to cultured laboratory plants on an as-needed basis 

(approximately every ten days) using Miracle Grow All Purpose Plant Food. Illumination 

was provided by 120V~60Hz 800mA Max Plant and Aquarium Lights (Portable 

Luminairs) on a 16:8 light/dark cycle throughout holding and for the duration of the 

experiment. The laboratory BCF experiment was conducted following general OECD 

guidelines (Draft Guideline 221) for Lemna toxicology studies (OECD, 2002). 

  

3.2.2 Carbamazepine 

Mean water quality measurements ± standard deviation (n=12) of temperature, 

dissolved oxygen, water hardness, pH, alkalinity, and conductivity obtained on days 1, 
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7, and 14 of the carbamazepine study were 21.2 ± 0.3°C, 8.1±0.1 mg/L, 104.1±2.7 as 

mg/L CaCO3, 7.7±0.3, 89.9±1.9 as mg/L CaCO3, and 312.7±4.4 µSiemens, respectively 

(Table A.1).  

A ColeParmer Masterflex L/S Digital peristaltic pump provided a continuous flow-

through system in conjunction with a Harvard Apparatus PHD 2000 infusion syringe 

pump throughout the uptake phase of the study (Figure 4 below). Based on results of 

similar studies, it was estimated that rates of uptake would be efficiently assessed within 

14-21 days (Aitchison et al., 2000). Syringe pumps loaded with 30 mL plastic syringes 

and equipped with 23G sterile precision glide needles threaded with 0.86 mm ID Fine 

Bore Polythene Tubing provided delivery to each of the three exposure tanks and 

solvent control tank. Concentrations of exposure tanks were analyzed via LC-MS/MS 

prior to beginning of each test to confirm concentrations near the 100-120 ppb range. 

Carbamazepine exposure tanks delivered compound at a rate of 5 µL/min. 

In each of the 14-day full BCF tests, approximately 32 grams (wet weight) were 

measured and randomly distributed into three exposure tanks and one solvent control 

tank. The exposure tanks received an inflow of approximately 120 ppb carbamazepine 

solution with less than 0.01 percent DMF carrier solvent. Based on observed root 

disturbance and tissue loss from tank draining and rinsing associated with the pilot 

study depuration phases, tubing providing compound delivery from the syringes was 

removed from exposure tanks for the 7-day depuration phase, and compound was 

removed from the flow-through system through natural turnover. Based on tank volume 

and pump flow, it was expected that compound removal would be complete in 

approximately one day, or eight turnovers.  
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Figure 3.2. Peristaltic flow-through system set-up. Lemna holding and culture 
tank is situated below left. Exposure tanks T1, T2, T3, center. Solvent control 

tank, below right. All holding and exposure tanks equipped with aeration hoses 
and air stones. Peristaltic pump and syringe pump apparatus are situated above 

right and are connected via polythene tubing to mixing chambers below. 
 

3.2.3 Amiodarone Hydrochloride 

Mean water quality measurements ± standard deviation (n=12) of temperature, 

dissolved oxygen, water hardness, pH, alkalinity, and conductivity obtained on days 1, 

7, and 14 of the amiodarone study were 23.3 ± 1.0°C, 7.7±0.2 mg/L, 114.1±8.6 as mg/L 

CaCO3, 7.8±0.3, 87.9±5.8 as mg/L CaCO3, and 354.6±18.1 µS, respectively (Table 

A.2).  

Evaporation was visually observed in amiodarone tank systems during the flow-

through study. This may have led to increases in temperature and resulted in slight 
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increases in hardness and conductivity in comparison to the carbamazepine study. 

Increases in evaporation were likely due to a change in illumination systems prior to the 

start of the amiodarone flow-through study. These differences can be mitigated in the 

future through increasing the flow rate of the intake peristaltic pump. 

Flow-through system equipment and BCF methodology used for amiodarone was 

identical to the methods utilized for carbamazepine. Amiodarone exposure tanks 

delivered compound at a rate of 7 µL/min. Exposure tanks in both studies received 

approximately eight volume turnovers per day.  

 

3.3 Sample Preparation and LC-MS/MS Analysis  

3.3.1 Preparation and Extraction of CBZ from Plant Tissue and Water Samples 

Approximately 3 g of plant and samples were collected and rinsed four times with 

reconstituted hard water (RHW) on days 1, 3, 5, 7, 10, and 14 of each study. Plant 

samples were stored in a -80°C freezer until extraction and analysis.  

For homogenization, approximately 200 mg of plant samples were weighed and 

placed in 5 mL plastic transport tubes with 1.0 mm glass beads, 4 mL of 1:1 

Hexane:Ethyl Acetate extraction solvent, and 10 µL of internal standard (2.5 ppm Cbz-

d2, 25 ppm Amd-d4, for carbamazepine and amiodarone samples, respectively). 

Samples were vortexed and placed in a Mini-BeadBeater set to homogenize for two 

runs at three minutes each. Homogenized samples were then transferred to 15 mL 

conical glass centrifuge tubes. The plastic transport tubes were then washed twice with 

1 mL aliquots of Hexane: Ethyl Acetate and vortexed between each wash in order to 

remove remaining residue. Washes were added to the centrifuge tubes with 3.5 mL of 
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Milli-Q water. Tubes were vortexed for 30 seconds, then centrifuged at 2,000 rpm for 10 

minutes. The hexane: ethyl acetate supernatant layer was extracted and delivered into 

glass vials for nitrogen gas blow-down to dryness. Carbamazepine samples were 

reconstituted in two 500 µL aliquots of methanol, vortexed, delivered into 2 mL amber 

glass LC vials, nitrogen evaporated, and reconstituted to a final volume of 100 µL in 

methanol for analysis (with reconstitution to 250 parts per billion (ppb) internal 

standard). Amiodarone samples were reconstituted to a final volume of 1 mL using two 

500 µL aliquots of acetonitrile (reconstitution to 250 ppb internal standard). All tanks and 

glassware were carefully washed with rinses of Alconox, dilute nitric acid, and acetone 

to prevent cross-contamination.  

Water samples measuring 990 µL were collected from exposure and solvent 

control tanks on each plant tissue sampling day. Carbamazepine water samples were 

placed with 10 µL of CBZ-d2 internal standard for analysis. Amiodarone water samples 

were placed with 10 µL of AMD-d4. Additional preparation of clean water samples was 

not necessary.  

 

3.4 LC-MS/MS Analysis 

Samples for carbamazepine and amiodarone were analyzed using a Waters 

2695 Liquid Chromatography Separations Module coupled in tandem with a Waters 

Quattro Ultima Mass Spectrometer running in electrospray positive ionization mode. 

The stationary phase was a Waters SunFire C18 2.1 X 100 mm column.  

The carbamazepine inlet method mobile phase was 30:70 Milli-Q:MeOH with 

0.1%  formic acid, with a flow rate of 0.2 mL/min. The capillary voltage, cone voltage, 
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source temperature, and desolvation temperature were 4 kV, 60 V, 120°C, and 350°C, 

respectively. Mass transitions for carbamazepine and carbamazepine-d2 were 237 → 

194 and 239 → 196, respectively. Mass transitions for carbamazepine-d8 were 245 → 

202.  LC-MS/MS methods for the carbamazepine study generally followed the methods 

as outlined by Miao and Metcalfe (2003) and Garcia et al. (2012). A 12-point calibration 

curve was used to quantify carbamazepine with concentrations ranging from 2,000 ppb 

to 0.975 ppb (r2=0.998792). Method detection limits were determined as the lowest 

concentration of carbamazepine analyzed in the standard curve (0.975 ppb).  

The amiodarone inlet method mobile phase was 30:70 Milli-Q:Acetonitrile with 

0.1% formic acid, with a flow rate of 0.25 mL/min. The settings for capillary voltage, 

cone voltage, source temperature, and desolvation temperature were 4.25 kV, 60 V, 

150°C, and 350 °C, respectively. Mass transitions for amiodarone and amiodarone-d4 

were 646.0 → 201.2 and 650 → 201.2, respectively. Mass transitions for 

desethylamiodarone were 618 → 547. LC-MS/MS methods for the amiodarone study 

generally followed a modified version of Kuhn et al.’s methodology (2010). Additional 

assistance in application of methodology and mass spectrometer settings was provided 

by fellow UNT graduate student, Santos Garcia. A nine-point calibration curve was used 

to quantify amiodarone with concentrations ranging from 4000 ppb to 15.625 ppb (r2 = 

0.999871). Method detection limits were determined as the lowest concentration of 

amiodarone analyzed in the standard curve (15.625 ppb). 

 

 

 



35 

  
 

Figure 3.3. Identification of carbamazepine and amiodarone via LC-MS/MS 
analysis. Carbamazepine sample analysis with a retention time of 7.64 minutes 
from Day 1, tank 2 pictured, left. Amiodarone sample analysis with a retention 
time of 6.23 minutes and minor noise at 5.43 minutes is pictured from Day 3, tank 
2, right. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Measured Test Concentrations and Spike Recoveries 

4.1.1 Carbamazepine 

Carbamazepine water exposure concentrations for the uptake phase of the study 

were 100.3 ± 5.61 µg/L. The first day of the depuration portion of the study (Day 7) was 

not included in the plant or water concentration analysis. Carbamazepine was not 

detected in the solvent control water samples.  

Matrix spikes were conducted on both water and plant samples for quality 

control/quality assurance purposes. Mean percent recovery for three sample replicates 

spiked to 250 ppb was determined to be 132.2 ± 30.74 percent. 

 

4.1.2 Amiodarone Hydrochloride 

 Amiodarone water exposure concentrations for the accumulation portion of the 

study were 87.1 ± 54.25 µg/L. The first day of the depuration portion of the study (Day 

7) was not included in the plant or water concentration analysis. Amiodarone was not 

detected in solvent control water samples.  

 Matrix spikes were conducted on both water and plant samples for quality 

control/quality assurance purposes. Mean percent recovery for three sample replicates 

spiked to 250 ppb was determined to be 107.0 ± 10.07 percent.  
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4.2 Laboratory BCF Study – Lemma spp. 

4.2.1 Carbamazepine  

Average carbamazepine concentrations (ng/g wet weight) in plant tissue during 

the uptake and depuration phases of the 14-day flow-through test are presented in 

Figure 4.1. Accumulation of carbamazepine varied between 17.7 and 48.5 ng/g wet 

weight. Average carbamazepine accumulation of plants in test tanks throughout the 

accumulation phase was calculated to be 23.8 ± 7.37 ng/g wet weight. Depuration 

concentrations (Days 7, 10, and 14) were not included in these calculations.  

 
Figure 4.1. Average carbamazepine (CBZ) concentration in Lemna tissue exposed 

to 100.3 ± 5.61 µg/L carbamazepine. 
 

After an initial spike in concentrations, uptake of carbamazepine in Lemna spp. 

were observed to drop around approximately Day 3 to an average of 21.7 ± 3.60 ng/g 
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wet weight. Hepatic auto-induction of cytochrome P450 enzymes has been observed 

with exposure to carbamazepine over time in fish and mammalian studies (Biber et al., 

1999; Zhou et al., 2008). While the lack of 10, 11 epoxycarbamazepine indicates that 

carbamazepine metabolism via the currently understood vertebrate mechanistic 

pathways is unlikely, the presence of low concentrations of 10, 11-

dihydroxycarbamazepine in plant samples indicate that this is an area for further study.  

Plant samples collected from Tank 1 on Day 10 of the depuration phase were 

found to contain abnormally high concentrations of carbamazepine. Water 

concentrations of CBZ analyzed from the tank on this day were noted to be below 

detection limits. Plant samples collected from Tanks 2 and 3 appeared to follow the 

trend in decreasing concentration. Based on the lack of compound present in the test 

tank water samples, increased plant uptake of carbamazepine was considered unlikely, 

so data from samples collected from Tank 1 on Day 10 were not included in the 

depuration calculations presented above.  

 

4.2.2 Amiodarone Hydrochloride 

Average amiodarone concentrations (ng/g wet weight) in plant tissue during the 

uptake and depuration phases of the 14-day flow-through test are presented in Figure 

4.2. Accumulation of amiodarone varied between 403.0 and 3790.1 ng/g wet weight. 

Average amiodarone accumulation of plants in test tanks throughout the accumulation 

phase was calculated to be 1745.75 ng/g wet weight. Depuration concentrations (Days 

7, 10, and 14) were not included in these calculations. 
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Figure 4.2. Average amiodarone concentration in Lemna tissue exposed to 87.1 ± 

54.25 µg/L amiodarone. g 
 

Peristaltic pump failure occurred on the afternoon of Day 4 and again overnight 

between Day 4 and Day 5 of the amiodarone study. The episodic pump failure may 

have resulted in reduced water concentrations for the Day 5 samples and contributed to 

high variability in the amiodarone study. Pump failure was not encountered for the 

remainder of the pump study; however, concentrations of AMD taken from Lemna tissue 

continued to decrease.  

The calculated concentration curve was considered to be unexpected for typical 

amiodarone uptake observed in other organisms, and may not be entirely accounted for 

by failure in the pumps. Plants utilize a variety of ion transport mechanisms. It is 
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possible that an active elimination mechanism is occurring via metabolic pathways other 

than those analyzed for these preliminary assays that may explain the sharp decrease 

in tissue concentration. Based on high variability and the unexpected sharp decrease in 

concentration, additional flow-through studies are needed to confirm these results.  

 

4.2.3 Kinetic BCF and Proportional BCF Estimation 

Kinetic BCFs were determined as the ratio of uptake (k1) to depuration (k2) rate 

constants utilizing Statistical Analysis Systems (SAS). Proportional (BCFp) and kinetic 

(BCFk) bioconcentration factor estimates obtained during the study are presented in 

Table 4.1. Proportional (steady state) BCFs were determined as the ratio between the 

CBZ or AMD concentrations in plant tissue to the measured CBZ or AMD 

concentrations in water samples obtained on the sampling days as described above. 

Days 1, 3, and 5 were used for uptake, and Days 7, 10 and 14 were used for depuration 

in SAS determination of kinetic BCFs for carbamazepine and amiodarone based on 

statistical analysis suggested by Newman (1995), and modified by Timothy Springer, 

provided courtesy of Wildlife International, Ltd. As Day 7 can serve as either uptake or 

depuration in a BCF study, Day 7 was selected for depuration due to LC-MS/MS 

quantified decreases in Lemna tissue compound concentration after Day 5 samples 

were taken, despite continued exposure. In both compounds, it was determined that this 

indicated that additional compound uptake beyond this point was unlikely.  

Table 4.1. Kinetic and proportional BCFs for Lemna spp. from laboratory 
exposures to carbamazepine and amiodarone. 

Uptake constant Carbamazepine Amiodarone 

BCFk 0.538 23.033 
BCFP 0.485 41.34 
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Based on the continued sharp decrease in uptake concentrations observed in the 

amiodarone study, it was determined that steady state conditions were not reached. As 

a result, proportional BCF calculations are likely to be over-estimated.   

An additional flow-through assay was conducted in August 2012 utilizing Lemna 

uptake of carbamazepine within a few months of the initial study (data not included). 

The follow-up carbamazepine study determined a kinetic BCF of 2.199 and a 

proportional BCF of 0.9337. Given the high variability inherent in BCF estimates near 

1.0, these results were considered to be similar to that of the initial study, suggesting 

overall low uptake capability for carbamazepine in Lemna. 

Current regulations require that both the kinetic and proportional BCF estimates 

are calculated in a study in order to determine the more accurate accumulation 

estimate. Based on high variability and error in the kinetic estimates, it was determined 

that kinetic estimates do not provide a realistic estimate for BCFs for either 

carbamazepine or amiodarone in Lemna spp.  However, these estimates may still be 

more accurate when used to calculate BCF estimates of other substances or from other 

plant types, and should still be calculated in future studies in order to satisfy regulatory 

requirements.  

 

4.2.4 Metabolite Quantification 

 Commonly encountered pharmacological metabolites of test compounds were 

quantified during LC-MS/MS analysis. Concentrations of 10, 11 epoxycarbamazepine 

were found to be below detection levels. 10,11-dihydroxycarbamazepine was detected 

in plant samples in preliminary analyses. However, decreasing internal standard 
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response in these analyses inhibited more accurate quantification of the presence of 

this metabolite. While it should be noted that metabolic activity may also be occurring in 

bacteria living within the plant tissue, the consistent presence of low concentrations of 

10, 11-dihydroxycarbamazepine may indicate that plants utilize a similar metabolic 

pathway for limited metabolism. 

 Presence of desethylamiodarone was analyzed during the amiodarone flow-

through study. Concentrations of desethylamiodarone were found to be below detection 

levels in one test and also in spiked samples. Desethylamiodarone was not quantified 

by the equipment in additional testing.  

Metabolic activity occurring via plant mechanistic pathways could be identified in 

future flow-through studies with the application of a low-grade broad-spectrum antibiotic. 

However, applications of antibiotics such as triclosan have also been shown to impact 

productivity of the plants through the inhibition of root development, which could likely 

also impact their uptake capabilities (Stevens et al., 2009). While antibiotic application 

could inhibit accurate uptake measurements if applied in tandem with BCF studies, it 

may also provide an opportunity to differentiate origins of metabolism that could be used 

in future molecular work.  

 

4.2.5 Lemna Response and Photosynthesis 

Root dropping was observed post-depuration during preliminary carbamazepine 

studies. This observation was initially attributed to tissue disturbance and damage 

caused by removal of the plants from the water for tank cleaning and rinsing during the 

depuration phase. However, root length of floating aquatics has been noted to increase 
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with decreasing nutrient availability (Cindergreen and Madsen, 2002). Test organisms 

collected during cold and comparatively harsh winter conditions may have dropped 

excess biomass as their nutrient availability, temperature, and light conditions improved 

with laboratory housing. Regardless, due to this observed effect, tanks were allowed to 

go through the depuration phase through natural turnover provided by the flow-through 

system. While it was expected that this process would take approximately 24 hours to 

reach analyte concentrations below detection limits, plant tissue damage was minimized 

by this change in methodology. Root dropping was not observed in test organisms in 

subsequent studies following this change.   

Some plant yellowing was observed during both the carbamazepine and 

amiodarone studies. In order to monitor overall plant health and identify possible toxicity 

caused by high analyte concentrations, a photosynthesis study was conducted during 

the carbamazepine and amiodarone flow-through studies. Primary production was 

measured using an LICOR-6400XT Portable Photosynthesis system. Reference CO2 

was set to 400 mmol. The built-in LED light source and leaf fan flow rate settings were 

250 nm and 800 µmol s-1, respectively. Approximately 3 g of wet plant samples were 

collected at random and transferred to prepared clay-lined pots for analysis.  Mean 

photosynthesis per unit area was averaged from two sample trials.  

Due to equipment access limitations, samples were collected at midday on 

different days of each flow-through study. Plant samples were collected on Day 2 of the 

amiodarone study and Day 14 of a repeated carbamazepine study. This was not 

expected to significantly affect results in photosynthesis in plant samples.  
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Mean photosynthesis measurements per unit area of carbamazepine holding 

tanks, solvent control, Tank1 (T1), Tank 2 (T2), and Tank 3 (T3) were 3.795, 1.649, 

1.341, 0.741, and 2.335 µmol CO2 m-2
leaf area s-1, respectively. For the amiodarone study, 

mean photosynthesis measurements per unit area of holding tanks, solvent control, 

Tank1 (T1), Tank 2 (T2), and Tank 3 (T3) were 2.372, 1.470, 1.244, 0.641, and 0.265, 

respectively (Tables B.1 and B.2).  

Mean photosynthesis measurements were found to be to be significantly lower in 

test tanks than in either the holding tanks or solvent control tanks (ANOVA, p=0.0018). 

Mean photosynthesis was not found to be different across the three exposure tanks 

(ANOVA, p=0.1685). While these differences between tanks were found to be 

significant, photosynthetic rates for lemna spp. are generally found to be within this 

range, so these differences may not necessarily demonstrate biological significance 

(Filbin and Hough, 1985; Ögren et al., 1984). These differences in productivity may be 

due to uneven light output from light sources in different areas of the tanks, or high 

concentration of compounds resulting in phytotoxicity in the plant samples.  

Concentrations were set at levels higher than environmentally relevant in order to 

confirm LC-MS/MS methods. While it was not expected that the higher concentrations 

would affect rates of BCF uptake, these high concentrations may not be necessary for 

future LC-MS/MS analysis.  

A lack of acute and chronic toxicological studies exist for carbamazepine and 

amiodarone for Lemna spp. As future research progresses, acute and chronic 

toxicological data should be obtained, and concentrations of compounds should be 

decreased accordingly in order to avoid potential damage to plant tissues.   
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CHAPTER 5 

LIMITATIONS AND SOURCES OF ERROR 

This work is bounded by the following limitations and sources of error. These 

issues should be addressed as future research progresses.  

 

5.1 Sources of Error 

5.1.1 Contamination Issues 

Contamination of solvent control samples was observed during the course of the 

carbamazepine study. CBZ levels in plant samples obtained from the solvent control 

ranged from below the limits of detection (1 ng/g wet weight) to as high a concentration 

as 45.50 ng/g wet weight. Subsequent analysis of solvent control samples and sample 

blanks have indicated possible contamination of the C18 column, sample injection 

malfunctions, or errors in the nebulizing spray chamber. Minor contamination issues 

were also observed in preliminary amiodarone studies. High chlorophyll content of plant 

samples may have contributed to decreased performance of the C18 column.  

While standard curve analysis was consistently achieved in acceptable ranges, 

concentrations of CBZ-D2 internal standard were observed to decrease with increasing 

CBZ analyte concentrations. An error of ±1.0 atomic mass unit (AMU) was predicted in 

mass spectral analysis. For carbamazepine, this ratio may be insufficient for plant 

uptake analysis utilizing CBZ-D2 as an internal standard. Preliminary standard curve 

analysis utilizing the heavier internal standard compound CBZ-D8 indicated 

improvements in differentiation between analyte and internal standard; however, further 

flow-through studies are needed to confirm this result.  
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5.1.2 Peristaltic Pump Failure 

Episodic peristaltic pump failure was encountered during both the 

carbamazepine and amiodarone studies. These failures included voltage issues likely 

associated with power fluctuations (Error 11, Bus 1 Under Voltage), and timeclock 

errors in the mechanism itself (Error 18, Watchdog). Episodic pump failures resulted in 

flow-through system interruption, which may have affected water concentrations and 

subsequent uptake.  The peristaltic pumps were changed once during the 

carbamazepine study as a result of pump failure. However, pump failure was again 

observed in continued carbamazepine testing, and again during the amiodarone flow-

through study.    

 

5.2 Limitations 

5.2.1 Macrophyte Test Organism Selection 

Macrophyte selection may have a significant effect on both water retention and 

purification capabilities in constructed wetlands.  However, species selection may be 

important to maximize this potential, and information on comparative analysis of plant 

species is still somewhat limited.  During the wetland design process, macrophytes 

selected for use in constructed wetlands are often chosen with a focus on either 

aesthetic quality or cost-effectiveness. In many cases, little regard is given to the 

inherent species potential for toxicant uptake capabilities. Because different plants take 

up and metabolize compounds in different ways, some wetland plants may be more 

appropriate in a specific region based on that region’s specific contaminants or water 
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chemistry. While comparative aquatic macrophyte species analysis is beyond the scope 

of the current study, it is expected that research will increase knowledge in this area.  

 

5.2.2 Phytotoxicity  

It has been previously suggested that decreases in yield density (in above-

ground biomass) by as much as 50% could be considered acceptable if maximum site 

decontamination was achieved (Cunningham and Berti, 1993). The trade-off between 

maximum benefit of phytoremediation and the increased toxicological response in the 

plant is likely to be species dependent, and the point at which diminishing returns (likely 

identified by toxicity testing for Lowest Observed Effect Concentration, or LOEC) are 

reached for specific plant species would be expected to be widely different depending 

on individual morphology types and genetic factors. It may be found that due to these 

diminishing returns, some species might be more economical choices for certain 

compounds than others.  

In addition, due to the biologically active nature of these compounds, it is 

generally difficult to estimate the combined effects of mixtures of these compounds. 

While previous studies have been done to more accurately assess possible 

phytotoxicity stemming from mixtures of compounds (Brain et al., 2004), possible 

interactions with other pollutants encountered in the wastewater stream are expected 

but are beyond the scope of this study. Compounds of similar Kow or BCF capability may 

present competitive uptake challenges that are difficult to reproduce and quantify 

accurately in a laboratory environment. However, while challenging to quantify the 

effects experimentally, these “pharmaceutical cocktails” provide a more environmentally 
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relevant depiction of concentrations that would likely be encountered in water 

dominated by wastewater effluent, and should be addressed in future research.  

 

5.2.3 Impacts of Rhizodegradation and/or Mycorrhizal Relationships 

Rhizodegradation from microbial and fungal associations may provide a 

substantial contribution to the degradation of many compounds ear-marked for 

phytoremediation. However, the extent to which these symbiotic relationships 

participate in metabolism of compounds within plant cellular structure has not been 

explored or quantified in recent literature. Detrimental effects on root biomass have 

been observed in plants exposed to antimicrobial compounds such as triclosan, as 

previously discussed in Section 4.2.4 (Stevens et al., 2009). In fact, specific plant-

microbe interactions may even be enhanced by rhizodegradation of toxicants through 

the production of specific exudate compounds (Pilon-Smits, 2005). The effects of 

metabolism and removal in plants cannot be realistically separated from the effects of 

symbiotic microbial degradation for the scope of this work without potentially impacting 

accuracy in BCF estimation. In addition, it is still relatively unknown how mycorrhizal 

infection of plant roots influence plants’ sensitivity and metabolism of certain 

compounds. 

 

5.2.4 Impacts of Bioaccumulation and Trophic Transfer  

While the benefit provided by phytoremediation to overall water quality may be 

significant, these benefits may be hampered if toxicants have the potential to 

bioaccumulate in plant tissues at concentrations large enough to present a hazard to 
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higher levels of the trophic community; particularly in the case of contaminants that are 

not metabolized by the plant. It is expected that plants utilized for remediation may be 

consumed in constructed ecosystems; both via herbivory and as detritus. The 

relationship between the accumulation of pharmaceutical compounds and trophic 

magnification in local aquatic organisms is an area that warrants future study, 

particularly if the trophic magnification may result in eventual impacts to human food 

supply. Uptake of pharmaceutical compounds in active form has been observed in 

agricultural crops with high water content such as cucumbers, as was previously 

discussed in Section 2.1.2 (Shenker et al., 2011). As uses of reclaimed wastewater 

become increasingly common methods of irrigation with continued water shortage 

issues, trophic transfer through agricultural uptake may become a potential health risk.   

 

5.2.5 Regional Environmental Chemistry 

Factors affecting water solubility for various pharmaceuticals may also be 

influential in their absorption. These factors would be expected to be wide-ranging 

across the different soil types of various regions. In addition to the impacts on uptake 

capability that result from interactions of different pharmaceutical compounds as 

discussed in Section 5.2.2, the log Kow values for compounds can also be impacted by 

changes in regional water chemistry, such as shifts in pH resulting from varying 

amounts of dissolved organic matter present in the water column or soil substrate. 

Large amounts of dissolved organic matter may drive the effective Kow into or out of 

ranges for efficient phyto-uptake. The effects of dissolved organic matter can be 

measured utilizing organic carbon partitioning, or log Koc. High Koc values may indicate 
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significant sediment adsorption, even if the log Kow of the substance is low. Other 

options for measurements include the cationic exchange capacity, which dictates 

increased pharmaceutical uptake from polar charges within the sediment. Like BCF 

analysis, measurements of cationic exchange capacity values can be obtained utilizing 

ion chromatography methodology. However, despite the availability of these analyses, 

comparative analysis of partitioning in aquatic plants and soil has not yet been studied. 

Variability in uptake values obtained in organisms during field studies compared to 

laboratory work suggests that changes in site-specific water chemistry plays a pivotal 

role in the uptake of many compounds (Garcia et al., 2012). Field studies in this area 

are greatly needed in order to quantify and differentiate effects of site-specific water 

chemistry in conjunction with water availability and hydrological flow.   

 

5.2.6 Molecular Studies 

While plants maintain well-established ion gradients, limited information is 

available about their capacity to degrade pharmaceutical compounds via similar 

metabolic pathways. It is possible that some metabolism may occur via ion pathways for 

the selected compounds carbamazepine and amiodarone. While this research is 

beyond the scope of the present study, measurable presence of the primary metabolites 

discussed above may indicate this activity in plants. 
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CHAPTER 6 

CONCLUSIONS 

The purpose of the described study was to quantify uptake constants of known 

concentrations of pharmaceuticals of varying Kd rates. The lack of available research 

presents a challenge for the comparison of the obtained data discussed above to 

previously identified studies. Variability caused by the above-referenced sources of 

error may have inhibited the accuracy of these data, and in light of the current lack of 

research, this work should be considered exploratory, rather than conclusive. As 

research continues in this field, these data will be integrated and compared for accuracy 

of methods and analysis. 

 Both carbamazepine and amiodarone demonstrated a tendency to 

bioconcentrate in Lemna spp. However, larger uptake concentrations were observed 

during the amiodarone flow-through study than during the carbamazepine flow-through 

study. While these results are to be expected considering cell membrane lipophilicity, 

previous plant uptake studies have indicated inhibition of uptake in Kd range associated 

with compounds such as amiodarone.  

Conclusive evidence of the production of similar common metabolites to 

carbamazepine or amiodarone were not observed. Desethylamiodarone was found to 

be below detection limits in sample analyses. However, while epoxycarbamazepine was 

also found to be below detection limits, small concentrations of 10, 11-dihydro-10,11-

dihydroxycarbamazepine were detected in LC-MS/MS analysis of carbamazepine-

exposed plant samples. While preliminary, this may indicate that while currently 

identified pathways are not utilized for metabolism of carbamazepine or amiodarone, 
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other metabolic pathways may still exist. These pathways may be identified through 

additional study and future molecular characterization of similar plant receptors.   

A static study will be conducted in order to confirm the results achieved and 

discussed in this work. This study will consist of a 96-hour exposure of Lemna to 100 

ppb of carbamazepine and amiodarone, with samples collected at 24, 48, 72, and 96 

hours. Concentrations will be stabilized and confirmed analytically prior to the study in 

case of possible compound adsorption to the glass. Water will be replenished on an as-

needed basis to maintain concentrations at 100 ppb, though evaporation is expected to 

be minimal. After 72 hours, Lemna will be gently rinsed and added to clean de-

chlorinated tap water for depuration. While short in duration, it is expected that a static 

study will confirm concentrations achieved in the flow-through study, while also allowing 

for an enhanced opportunity to more accurately analyze the presence and build-up of 

compound metabolites in the surrounding water.  
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CHAPTER 7 

FUTURE DIRECTION AND BIOLOGICAL IMPORTANCE 

While extensive research has been done involving pharmaceuticals, aquatic 

toxicology, and microbial remediation practices, a dearth of research exists in the 

potential of aquatic plants to take up and metabolize pharmaceuticals such as those 

used in this study. Studies involving pharmaceutical compounds thus far have 

frequently involved endocrine disrupting compounds. Previous research has 

demonstrated the propensity of aquatic wetland plants to remove endocrine disruptors 

from media, but mechanisms have not been clearly identified for these uptake 

processes, creating some difficulty in distinguishing plant sorption and uptake from 

possible microbial degradation (Loffredo et al., 2010). Some comparative studies have 

been done utilizing phytoremediation with Typha spp. and pharmaceuticals such as 

ibuprofen, clofibric acid (a common metabolite of the cholesterol-inhibitor clofibrate), 

and carbamazepine (the anticonvulsant/mood stabilizer used in this study), and have 

demonstrated some limited success (Dordio et al., 2010); however, more research is 

needed in comparative analysis studies to confirm significance and reproducibility in 

these results. It is also noteworthy that of these limited studies, little to no comparative 

analysis has been conducted for macrophyte species selected (Gujarathi et al., 2005). 

Indeed, most plant-based pharmacological toxicology research to date has focused on 

using green algae as the standard test organism (Sanderson et al., 2004). Only recently 

has the EPA released public guidelines for the utilization of macrophytes such as 

Lemna spp.  for toxicology and bioaccumulation research (OCSPP 850.4400, 2012).  
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In terms of water quality, conservation methods must be applied to ensure a 

clean and sustainable water supply for the future. The DFW metroplex is currently 

pressured by these concerns, and well-engineered constructed wetlands may 

significantly decrease the cost of water purification while enhancing conservation and 

encouraging biodiversity. Plant selection in constructed wetlands may determine the 

future success of these goals. Further research in this area may have a tremendous 

impact on the water quality in the region in our future.  

In order to facilitate appropriate plant selection for phytoremediation practices, 

factors influencing uptake must be clearly delineated to be applied to the wide-ranging 

variability in aquatic ecosystems. Identifying these drivers will enable researchers to 

more effectively design experiments comparing aquatic plant species and varied 

environmental and geochemical parameters. Furthermore, studies identifying plant 

metabolism in uptake can be more effectively conducted if these factors are more 

clearly elucidated.  Improved selection of macrophytes in constructed wetlands could be 

economically tailored to the contaminants of concern in a locale, which are dependent 

on regional demographics.  

Determining factors responsible for the uptake and metabolism of toxicants has 

far-reaching implications across multiple disciplines, including toxicology, chemistry, 

ecology, and agriculture. Research into the mechanisms of action driving uptake in 

plants may illuminate plant metabolic pathways that can be harnessed for the 

degradation of specific classes of contaminants. This same research may also be used 

to determine sensitive receptors in an ecosystem in the event of a release.  
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With the extremely wide range of pharmaceuticals currently identified in modern 

wastewater treatment plants (Bhandari et al., 2009), understanding the mechanisms of 

action that may affect toxicity of these compounds in plants is crucial. Some metabolites 

of compounds potentially have the capacity to become more toxic than the original 

compound. As research progresses, studying mechanisms of action may help to identify 

the risks of production by plants of potentially toxic metabolites in an ecosystem. 

However, analysis in this area may also assist researchers in identifying sources of 

potentially toxic metabolites in aquatic media that could be resolved through 

phytoremediation.  

Phase I metabolism has been phylogenetically conserved across taxa, including 

the presence of a multitude of cytochrome P-450 enzymes (Donaldson and Luster, 

1991). While many of the individual proteins have not yet been isolated in most species 

of plants, the CYP450 enzymes would be expected to be diverse in nature. A high 

degree of similarity has been noted among protein enzymes, which indicates potential 

for functional conservation for metabolic pathways (Brain et al., 2008). It may be 

possible to make biologically relevant comparisons to similar enzymes in animals once 

further sequencing has been done on plant proteins, or vice versa. To identify answers 

to the questions and derive possible solutions to current water quality issues, ongoing 

molecular research is needed in this area. 

While laboratory studies provide accuracy in uptake measurements with a setting 

preventing the interference of convoluting factors, field studies are also needed in this 

area in order to obtain results of environmental relevance. Most constructed wetlands in 

the United States provide an environment of mixed municipal wastewater effluent 
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together with the surrounding ecosystem. The aquatic macrophytes present in these 

constructed wetlands create both an environment beneficial for water polishing 

purposes, and also the field conditions necessary to analyze both site-specific water 

chemistry and the impacts of local human demographics on compounds present in the 

water. These studies could integrate analytical chemistry measurements with 

Geographic Information Systems (GIS) map data in order to compare concentrations of 

pharmaceutical compounds by depth to soil substrate, plant colony type, soil type and 

topography, or standard systems of water quality measurement, such as pH, dissolved 

oxygen, conductivity, or nutrient availability. By mapping integrated data, the potential 

impacts of phytoremediation could be more easily explored through their many 

contributing factors to uptake.  
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APPENDIX A 

SUPPLEMENTAL WATER QUALITY TABLES
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Table A.1. Water Quality Measurements Conducted from Carbamazepine Study Water Samples Collected from 
Solvent Control and Test Tanks on Day 1, 7, and 14   

 

Sample ID-Day Temp (°C) 
Dissolved 
Oxygen 
(mg/L) 

Hardness 
(mg/L 

CaCO3) 
pH 

Alkalinity 
(mg/L 

CaCO3) 
Conductivity 
(µSiemens) 

SC-D1 20.9 7.90 108 7.8 90.0 307 

T1-D1 20.9 8.38 105 8.1 94.0 308 

T2-D1 20.9 8.18 100 8.2 91.0 306 

T3-D1 20.8 8.10 100 8.0 90.5 306 

SC-D7 21.5 8.20 104 7.7 90.0 316 

T1-D7 21.3 8.04 104 7.6 87.5 316 

T2-D7 21.2 8.19 106 7.9 90.0 316 

T3-D7 21.2 8.05 - - - 315 

SC-D14 21.5 7.99 102 7.4 87.5 315 

T1-D14 21.1 8.19 104 7.3 90.0 316 

T2-D14 21.5 8.19 108 7.5 87.5 315 

T3-D14 21.1 8.11 104 7.5 90.0 316 

AVERAGE 21.2 8.1 104.1 7.7 89.8 312.7 

STDEV 0.3 0.1 2.7 0.3 1.9 4.4 
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Table A.2. Water Quality Measurements Conducted from Amiodarone Study Water Samples Collected from 
Solvent Control and Test Tanks on Day 1, 7, and 14 
 

Sample ID-Day Temp (°C) 
Dissolved 
Oxygen 
(mg/L) 

Hardness 
(mg/L 

CaCO3) 
pH 

Alkalinity 
(mg/L 

CaCO3) 
Conductivity 
(µSiemens) 

SC-D1 22.3 7.92 112 7.8 102.5 334 

T1-D1 22.4 8.08 112 7.8 87.5 333 

T2-D1 22.4 7.79 106 7.8 87.5 333 

T3-D1 22.5 7.80 102 8.0 90.0 335 

SC-D7 22.9 7.53 116 8.3 90.0 350 

T1-D7 23.8 7.78 112 8.2 80.0 355 

T2-D7 24.7 7.30 112 8.1 87.5 356 

T3-D7 25.2 7.44 108 8.1 90.0 358 

SC-D14 22.6 7.40 112 7.4 80.0 371 

T1-D14 22.9 8.03 120 7.3 85.0 371 

T2-D14 23.5 7.63 128 7.5 90.0 384 

T3-D14 24.1 7.72 132 7.5 85.0 375 

AVERAGE 23.3 7.7 114.3 7.8 87.9 354.6 

STDEV 1.0 0.2 8.6 0.3 5.8 18.1 
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APPENDIX B 

SUPPLEMENTAL PHOTOSYNTHESIS TABLES
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Table B.1. Average Photosynthetic Output Measurements per Lemna Wet Weight for Carbamazepine Study  
 

Observation 
(Log#) Tank 

Photosynthesis 
Output (µmol CO2  

m-2
leaf area s-1) 

Wet Weight Lemna 
(grams) 

Photosynthesis 
output per Lemna 

wet weight 
Tank Average 

1 Blank -0.047918776 0 0 - 2 Blank -0.142741228 0 0 
3 Test 1.755723303 1 1.755723303 - 4 3.758007436 1 3.758007436 
5 Solvent Control 1.382671842 1.045 1.32313095 1.648566076 6 2.062831257 1.045 1.974001203 
7 Tank 1 0.885244745 1.016 0.871303883 1.341217345 8 1.8401089 1.016 1.811130807 
9 Tank 2 0.442906468 1.062 0.417049405 0.741176704 10 1.131352851 1.062 1.065304002 
11 Tank 3 1.855089092 1.001 1.853235856 2.334639053 12 2.818858291 1.001 2.816042249 
13 Holding 3.956719504 1.09 3.630017893 3.795366138 14 4.317178677 1.09 3.960714383 
15 Solvent Control* 1.865809538 1.045 1.785463673 1.886349839 16 2.076661627 1.045 1.987236006 
17 Tank 1* 0.712218315 1.016 0.701002278 0.903204013 18 1.12309224 1.016 1.105405748 
19 Tank 2* 1.244880931 1.062 1.172204267 1.30676771 20 1.530693684 1.062 1.441331153 
21 Tank 3* 1.420507863 1.001 1.419088774 1.643033886 22 1.868845977 1.001 1.866978998 
23 

Holding* 
4.341524278 1.09 3.983049796 

4.118809938 
24 4.637481387 1.09 4.254570079 

 
*Test was repeated with samples with 1 mL of water added. Significant differences in photosynthetic output measurements were not observed. 
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Table B.2. Average Photosynthetic Output Measurements per Lemna Wet Weight for Carbamazepine Study  
 

Observation 
(Log#) Tank 

Photosynthesis 
Output (µmol CO2 

m-2
leaf area s-1) 

Wet Weight Lemna 
(grams) 

Photosynthesis 
output per Lemna 

wet weight 
Tank Average 

1 
Blank 

-0.660617974 0 0 
- 

2 -0.575337019 0 0 

3 
Holding 

2.587428797 1.0893 2.375313318 
2.371707073 

4 2.579572233 1.0893 2.368100829 

5 
Solvent Control 

1.12416303 0.7825 1.436630071 
1.469869556 

6 1.176182826 0.7825 1.503109042 

7 
Tank 1 

1.268056745 1.0061 1.260368497 
1.243864288 

8 1.234846976 1.0061 1.227360079 

9 
Tank 2 

0.93427356 1.4661 0.637250911 
0.641068852 

10 0.945468526 1.4661 0.644886792 

11 
Tank 3 

0.439798103 1.998 0.220119171 
0.265220288 

12 0.620022169 1.998 0.310321406 
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APPENDIX C 

SAS DETERMINATION OF UPTAKE AND DEPURATION CONSTANTS FOR 

BIOCONCENTRATION FACTOR ESTIMATES FOR CARBAMAZEPINE 
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/****************************************************************************

**************/ 

/* PROGRAM: KPC.SAS (Kinetic Parameter Calculator for bioconcentration 

studies)           */ 

/* PURPOSE: A Kinetic Parameter Calculator for aquatic bioconcentration 

studies.          */ 

/* Calculates first order rate constants K2 and K1 (depuration and uptake 

rate constants)using the sequential method (combining linear and nonlinear 

regression) to estimate the rates.                                      */ 

/* Based on methods in Newman, M.C. 1995. Quantitative Methods in Aquatic 

Toxicology. CRC Press, Boca Raton, as Modified by T.A. Springer. Provided 

courtesy of Wildlife International, Ltd., Easton MD           4/30/09         

*/ 

/****************************************************************************

**************/ 

 

/* INSTRUCTIONS:                                                                          

*/  

/* TYPE IN THE EXPOSURE CONCENTRATION AS THE VALUE AFTER '%let WATERCONC =' 

IN THE SAS CODE AND ENTER CONCENTRATIONS OF CHEMICAL AFTER 'CARDS' STATEMENTS 

IN THE SAS CODE BELOW. NOTE THAT DEPURATION AND UPTAKE DATA ARE ENTERED IN 

SEPARATE DATA BLOCKS. MODIFY TITLES AS NEEDED, USING DOUBLE QUOTES TO ENCLOSE 

THE TEXT. INCLUDE THE MACRO VARIABLE NAME &WATERCONC TO HAVE THE EXPOSURE 

CONC. APPEAR IN THE TITLE.                                                                  

*/ 

 

%let WATERCONC = 100.3; 

Title1 "Project 100A-001 -- Test Concentration = &WATERCONC ug/L";  

Title2 "Tissue: Lemna"; 
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/* ENTER DEPURATION DATA SO AS TO ALTERNATE DEPURATION DAY AND MEASURED 

CONCENTRATIONS OF */ 

/* CHEMICAL IN LEMNA TISSUES.                                                              

*/ 

 

DATA ELIMIN; 

 INPUT DAY2 CONC2 @@; 

 LCONC=LOG(CONC2); 

CARDS; 

1 23.08 1 14.09 1 16.16 1 28.70 1 12.97 1 12.52 

3 47.03 3 54.46 3 21.17 3 24.50 3 15.85 3 5.75  

7 21.11 7 17.51 7 4.73 7 7.91 7 4.91 7 2.92 

; 

RUN; 

 

/* ESTIMATE K2 (DEPURATION RATE CONSTANT) = SLOPE OF REGRESSION OF LOG 

CONCENTRATION OVER TIME */ 

/* DURING DEPURATION PERIOD. */ 

 

ODS OUTPUT ParameterEstimates=MyParameterEstimates 

FitStatistics=MyFitStatistics; 

 

PROC GLM; 

 MODEL LCONC=DAY2/intercept solution ; 

 OUTPUT OUT=TSCONC2 P=Pred_Conc R=Residual; 

RUN; 
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DATA STAGE_ONE; 

  set myParameterEstimates; 

  if parameter ='DAY2' then estimate = abs (estimate); 

  if parameter ='DAY2' then call symput('DepSlope',estimate); 

  if parameter ='DAY2' then parameter = 'K2'; 

run; 

 

PROC PRINT; RUN; 

 

/*PLOT THE DEPURATION GRAPH (SHOWING K2)  */ 

PROC PLOT DATA=TSCONC2; 

 PLOT LCONC*DAY2 Pred_Conc*DAY2="*"/OVERLAY; 

 PLOT Residual*DAY2="*"/VREF=0; 

RUN; 

 

/* ESTIMATE K1 (UPTAKE RATE CONSTANT) AFTER READING IN UPTAKE DATA                        

*/ 

 

/* ENTER UPTAKE DATA SO AS TO ALTERNATE DEPURATION DAY AND MEASURED 

CONCENTRATIONS OF     */ 

/* CHEMICAL IN LEMNA TISSUES.                                                              

*/ 

 

DATA ACCUM; 

 INPUT DAY CONC @@; 

 LCONC=LOG(CONC); 

CARDS; 

1 48.48 1 31.26 1 18.46 1 20.86 1 21.29 1 26.68 

3 18.05 3 17.87 3 21.30 3 19.68 3 18.04 3 26.87 
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5 23.15 5 24.65 5 17.74 5 26.25 5 27.36 5 19.63 

; 

 

PROC PRINT; 

RUN; 

 

/* NOW THE PROGRAM SUBSTITUTES THE ESTIMATED K2 (&DEPSLOPE) FROM THE PREVIOUS 

PART OF    */ 

/* THE PROGRAM INTO THE UPTAKE PERIOD MODEL AND CALCULATES K1 USING NONLINEAR 

REGRESSION.*/ 

 

PROC NLIN DATA = ACCUM; 

 PARMS K1=0.001; 

 BOUNDS 0<K1; 

 MODEL CONC= &waterconc*(K1/&DEPSLOPE)*(1-EXP(-&DEPSLOPE*DAY)); 

 OUTPUT OUT=TSCONC3 P=Pred_Conc R=Residual; 

RUN; 

 

PROC PRINT; RUN; 

 

PROC PLOT; 

 PLOT CONC*DAY Pred_Conc*DAY="*"/OVERLAY; 

 PLOT Residual*DAY="*"/VREF=0; 

RUN; 
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